Erythroid cells accumulate hemoglobin as they mature and as a result are highly prone to oxidative damage. However, mechanisms of transcriptional control of antioxidant defense in erythroid cells have thus far been poorly characterized. We observed that animals deficient in the forkhead box O3 (Foxo3) transcription factor died rapidly when exposed to erythroid oxidative stress-induced conditions, while wild-type mice showed no decreased viability. In view of this striking finding, we investigated the potential role of Foxo3 in the regulation of ROS in erythropoiesis. Foxo3 expression, nuclear localization, and transcriptional activity were all enhanced during normal erythroid cell maturation. Foxo3-deficient erythrocytes exhibited decreased expression of ROS scavenging enzymes and had a ROS-mediated shortened lifespan and evidence of oxidative damage. Furthermore, loss of Foxo3 induced mitotic arrest in erythroid precursor cells, leading to a significant decrease in the rate of in vivo erythroid maturation. We identified ROS-mediated upregulation of p21 CIP1/WAF1/Sdi1 (also known as Cdkn1a) as a major contributor to the interference with cell cycle progression in Foxo3-deficient erythroid precursor cells. These findings establish an essential nonredundant function for Foxo3 in the regulation of oxidative stress, cell cycle, maturation, and lifespan of erythroid cells. These results may have an impact on the understanding of human disorders in which ROS play a role.
Introduction
The maintenance of highly regulated mechanisms to control ROS levels is essential for normal cellular homeostasis. ROS such as superoxide anions and hydrogen peroxide are byproducts of oxidative metabolism and are involved in many signaling processes (1) . However, excess accumulation of ROS can result from defects in ROS scavenging and is believed to have an impact on cellular aging and the senescence process. Conversely, the ability to withstand oxidative stress has been correlated with enhanced longevity in several species (1) . Abnormal accumulation of ROS has been implicated in the pathogenesis of various diseases such as ataxia telangiectasia and Fanconi anemia (2, 3) .
The forkhead homolog DAF-16, the activation of which results in a significant increase in the lifespan of Caenorhabditis elegans, is a major mediator of defense against oxidative stress (4, 5) . Forkhead box O1 (FOXO1), FOXO3a, FOXO4, and FOXO6 belong to the forkhead family of winged helix transcription factors and are the human homologs of DAF-16 (reviewed in ref. 6 ). Similar to DAF-16, activation of FOXO3a in cultured fibroblasts and neuronal cells results in resistance to oxidative stress (7, 8) . This FOXO3a effect is mediated via upregulated transcription of the ROS scavenging enzymes superoxide dismutase 2 (SOD2, also known as MnSOD) and catalase (7, 8) . FOXO3a responds to cellular stress (including to oxidative stress) by inducing cell cycle arrest, repair of damaged DNA, and apoptosis via upregulation of genes that control these processes (9) (10) (11) (12) (13) . These functions are similar to those associated with the p53 tumor suppressor protein, with which FOXO3a shares several downstream anti-stress targets (14) .
Female mice deficient in Foxo3 (murine homolog of human FOXO3a) exhibit global follicular activation that results in early ovarian follicle depletion and leads to a syndrome reminiscent of premature ovarian failure (15, 16) . In addition, gene-trap mutant mice have been reported to exhibit inflammatory lymphoid hyperplasia (17) (Expression of a gene-trap cassette from the endogenous promoter results in a fusion transcript that encodes for a truncated and nonfunctional version of the cellular protein and the reporter/selectable marker.). It is unknown whether Foxo3 (or FOXO3a) contributes to the physiological control of oxidative stress in vivo.
FoxO proteins are downstream targets of the highly conserved PI3K/AKT signaling pathway (6) . In response to receptor binding to factors such as insulin and erythropoietin (Epo) (18, 19) or oncogenic stimuli such as the breakpoint cluster region-v-Abl Abelson murine leukemia viral oncogene homolog (BCR-ABL) oncoprotein (13, 20) , the AKT serine threonine kinase phosphorylates nuclear FoxO on 3 conserved residues. Phosphorylated FoxO binds to 14-3-3 adaptor proteins and translocates to the cytosol where, away from their transcriptional targets, FoxO is unable to induce gene expression (12) . Conversely, stress stimuli or inhibition of PI3K/AKT by cytokine withdrawal results in nuclear localization and activation of FoxO (6) .
Regulation of oxidative stress is particularly important to erythropoiesis and the production of mature erythrocytes that results from proliferation, survival, and differentiation of erythroid cell progenitors following the binding of Epo to its receptor (21) . Erythroid precursors synthesize and accumulate hemoglobin as they mature. Circulating erythrocytes carry oxygen bound to hemoglobin and as such are highly prone to oxidative damage (22) . Consequently, erythrocytes are exposed to some of the highest levels of oxidative stress conditions in the body. Consistent with this, as seen in genetic deficiencies of enzymes involving pathways that maintain intracellular reductive molecules or of molecules that protect globin, compromised protection from ROS results in diseases of red blood cells that involve a shortened lifespan of these cells and in hemolysis, which leads to anemia (22) (23) (24) (25) . Not surprisingly, erythroid cells in healthy individuals contain a strong arsenal of antioxidant enzymes that protect the cells against oxygen radicals (26) . Importantly, accumulation of ROS has a significant impact on the senescence of circulating erythrocytes and their limited lifespan (27) .
Despite the importance of the regulation of oxidative stress in normal and altered erythropoiesis, transcriptional programs that regulate the expression of antioxidants in erythroid cells are unknown. Since mature erythrocytes are enucleated, important transcriptional regulation must take place prior to enucleation and release of erythrocytes to the peripheral circulation.
We have recently shown an important role for the PI3K/AKT signaling pathway, downstream of the Epo receptor (EpoR), in supporting primary erythroid progenitor cell differentiation and maturation (28, 29) . Here we examine in detail the physiological function of Foxo3 in the regulation of erythropoiesis in wild-type and Foxo3-deficient mice. We found that expression, nuclear localization, and transcriptional activity of Foxo3 were enhanced during in vivo maturation of erythroid precursor cells. In addition, we show that loss of Foxo3 reduced the lifespan of circulating erythrocytes and induced a mitotic arrest in erythroid precursor cells, resulting in a significant decrease in the rate of erythroid cell maturation. These effects were mediated by ROS, as demonstrated by rescue of Foxo3-deficient phenotypes using ROS scavengers. Finally, we show that loss of Foxo3 led to rapid death of the animal in response to an oxidative stress-induced enhanced hemolysis together with a defective erythroid cell production. We analyze the molecular mechanisms of this defective response. Our findings establish a pivotal, nonredundant role for Foxo3 in the regulation of oxidative stress, cell cycle, maturation, and lifespan of erythroid cells during erythropoiesis.
Results

Foxo3 is required for antioxidant response in vivo.
At the steady state, despite a slight decrease in the numbers of circulating erythrocytes, Foxo3-deficient mice did not exhibit any anemia, and their hemoglobin and hematocrit were normal (Table 1) .
To investigate whether Foxo3 plays any role in the in vivo regulation of oxidative stress in mammals, Foxo3-deficient mice were challenged with phenylhydrazine. Phenylhydrazine treatment (30) induces oxidative denaturation of hemoglobin, resulting in rapid destruction and significant loss of erythrocytes (hemolysis) and leading to anemia characterized by a decrease in hemoglobin concentration and hematocrit levels. In response to phenylhydrazine-induced hemolytic anemia, bone marrow and spleen erythropoiesis are stimulated releasing prematurely erythrocyte precursors, namely reticulocytes, into the bloodstream. Thus, reticulocyte content of blood reflects the severity of the hemolytic anemia and the degree of compensatory response of bone marrow and spleen to phenylhydrazine.
As anticipated, wild-type mice subjected to 100 mg/kg of phenylhydrazine recovered within 10 days from hemolytic anemia (Figure 1 ), during which red blood cell numbers and hematocrit and reticulocyte levels were corrected (data not shown) and animals survived the treatment (Figure 1 ). However, Foxo3 -/-mice died rapidly with severe anemia within 72 hours ( Figure 1 and data not shown) after injection of phenylhydrazine, suggesting that Foxo3 -/-mice are hypersensitive to phenylhydrazine-induced oxidative stress. It is noteworthy that Foxo3-deficient mice induced the expected rapid reticulocyte response to lower doses of phenylhydrazine (50 mg/kg), as did wild-type mice. However, the level of reticulocytes remained high in Foxo3-deficient mice, about 4-fold that of wild-type mice (data not shown). These results suggested that the erythropoietic response at the progenitor level in Foxo3-deficient mice is not altered. Together these results indicate that Foxo3 may be required for the antioxidative stress response in vivo.
We hypothesized that Foxo3-deficient mice may suffer from a steady-state oxidative stress condition. To this end, the concentration of ROS in Foxo3 mutant erythrocytes was measured at the basal level ( Figure 1 , B and C). Using 5-(and 6-)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, a peroxide-sensitive probe, ROS were found to be significantly more concentrated in Foxo3 -/-than in wild-type erythrocytes ( Figure 1 , B and C), in the absence of any exogenously added peroxide.
Protein oxidation results in introduction of carbonyl moieties to amino acid side chains (31) . In agreement with high ROS concentration, several proteins were highly oxidized in Foxo3-deficient erythroid cells, as measured by western blot analysis of carbonyl groups reactive with 2,4-dinitrophenylhydrazine (2- to 3- fold the level observed in wild-type cells; Figure 1 , D and E). Despite erythroid protein oxidation, Foxo3-deficient mice did not exhibit any anemia probably due to an expansion of extramedullary erythropoietic tissue (see Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI31807DS1).
To further evaluate the potential impact of ROS, erythrocyte lifespan was measured in vivo. Animals were injected with N-hydroxysulfosuccinimide-biotin) (32) and analyzed for survived biotin-labeled erythrocytes every 5 days. These experiments showed that Foxo3-deficient erythrocyte lifespan was significantly shortened (Figure 2A ), associated with an increased width of erythrocyte volume distribution that is often seen in hemolysis (Table 1 ). In addition, Foxo3 -/-reticulocyte index was 4-fold higher than that of wild-type mice ( Figure 2B ), reflecting the degree of compensatory response of Foxo3 -/-hematopoietic organs to hemolysis. Based on these results, we concluded that Foxo3 -/-mice exhibit a chronic hemolysis in the absence of anemia.
In agreement with a role for ROS in reducing erythrocyte lifespan, the peritoneal injection of N-acetyl-l-cysteine (NAC), a generic ROS scavenger, significantly improved the lifespan of Foxo3 -/-erythrocytes ( Figure 3A) . Consistent with these results, NAC treatment also Results for WT (n = 10) and Foxo3 -/-(n = 21) are shown as mean ± SEM. Hgb, hemoglobin; Hct, hematocrit; MCH, mean corpuscular hemoglobin; MCHC, MCH concentration; MCV, mean corpuscular volume; RDW, red cell distribution width.
corrected the reticulocyte index in these mice ( Figure 3B ). After 5 weeks of treatment, NAC had some negative impact on the lifespan of wild-type cells ( Figure 3A ). Since in these studies the NAC treatment in terms of dose or frequency of administration was not optimized, we suspect that a prolonged chronic high dose NAC treatment might have adversely affected wild-type erythrocytes (33) , as supported by our in vitro studies (Supplemental Figure 1B) .
Foxo3 is highly expressed in hematopoietic organs and is activated during in vivo maturation of erythroid cells. These results indicated that
Foxo3 may be directly involved in the regulation of oxidative stress in erythroid cells. To further investigate the function of Foxo3 in primary cells, we investigated the expression and transcriptional activity of Foxo3 during normal erythropoiesis. In these studies, E14.5 fetal livers that are highly enriched for post-progenitor erythroblasts (over 85% were TER119 + cells) were used.
Using Figure 1C ) and protein expression ( Figure 4D ) were gradually upregulated in freshly isolated subpopulations of fetal liver erythroid cells with increasing degree of maturation (34) .
As anticipated, maturation of post-progenitor erythroid cells was accompanied by upregulation of expression of erythroidspecific genes α- and β-globin (35), erythroid Kruppel-like factor (EKLF, also known as Klf1), and Gata1 as well as downregulation of Gata2 transcription factors ( Figure 4C ). The cyclin-dependent kinase (CDK) inhibitor 1B Cdkn1b (p27 KIP1 ), a known transcriptional target of Foxo3 (9), is upregulated during erythroid maturation (36) . Interestingly, the correlation between the patterns of Cdkn1b (p27 KIP1 ) and Foxo3 expression suggest that Foxo3 may have a role in regulating p27 KIP1 expression in erythroid cells ( Figure 4C ). These studies ( Figure 4 , C and D) suggest that Foxo3 may be functional and transcriptionally active during maturation of primary erythroid precursor cells.
Expression of EpoR is the highest on mature erythroid progenitors colony forming unit-erythroid (CFU-erythroid) and is down- regulated thereafter with maturation; EpoR expression becomes very low on erythroid precursor cells (37, 38) . Since the function of FoxO is negatively regulated by EpoR signaling and only nuclear FoxO is active (12), we hypothesized that nuclear localization and activity of Foxo3 may increase in erythroid precursors as cells lose the expression of EpoR and the sensitivity to EpoR signaling.
Using the subcellular localization of Foxo3 as a surrogate assay for the activity of Foxo3, we found that Foxo3 translocates to the nucleus in CD71 + TER119 + cells and subsequent precursors during erythroid progenitor maturation ( Figure 5A ). Mature erythroid cells were 3 times more likely than their progenitors to express a nuclear Foxo3 ( Figure 5B ). To ensure that Foxo3 was detected in nucleated cells ( Figure 5A ), we used DRAQ5, a cell-permeable dye with high affinity for binding DNA in living and fixed cells. Foxo3 colocalization with DRAQ5 was over 2-fold in freshly isolated live, nucleated DRAQ5 + CD71 -TER119 + cells enriched in mature normoblasts as compared with DRAQ5 + CD71 -TER119 -cells enriched in progenitors ( Figure 5 , C and D). These findings suggest that transcriptional activity of Foxo3 increases during in vivo maturation of primary erythroid precursors.
We next investigated more directly the transcriptional activity of endogenous Foxo3 using reporter gene assays in a previously established ex vivo differentiation system (28, 39) and a newly established transfection system of primary fetal liver erythroid cells (see Methods). Fetal liver erythroid subpopulations (as shown in Figure 4C ) were transfected with luciferase reporters, and transcriptional activity was measured during ex vivo erythroid maturation ( Figure 5, E and F) .
The activity of endogenous Foxo3, using luciferase reporter containing 5 tandem repeat FoxO binding sites, was shown to be significantly upregulated more than 8-fold during 36 hours of ex vivo maturation of both early erythroid precursors (mostly CD71 + TER119 -proerythroblasts, which became CD71 + TER119 + ) and intermediate erythroid precursors (CD71 + TER119 + , which became CD71 lo TER119 + ) compared with the mutant reporter lacking the Foxo3 binding site ( Figure 5E , top panel). This FoxO reporter was not activated in Foxo3-deficient cells (Supplemental Figure 1E) . These results suggest that Foxo3 activity is upregulated in intermediate erythroid precursors (CD71 + TER119 + ) and stays on during their maturation. The strong increase in the activity of the erythroid transcription factor EKLF supports maturation stage of cells ( Figure 5E , top panel). Given the expression pattern of Foxo1 and Foxo4, most if not all of the detected FoxO activity can be attributed to Foxo3 (Supplemental Figure 1C) .
Consequently, we asked whether Foxo3 activates the transcription of antioxidant enzymes. The promoter of human catalase that is the most highly expressed antioxidant enzyme in erythroid cells contains several forkhead binding sites (8) . Catalase reporter activity was highly upregulated in maturing erythroid cells transfected with a catalase reporter containing forkhead binding sites and not its mutant ( Figure 5E , bottom panel; P < 0.001).
The mitochondrial SOD2 is another important antioxidant enzyme in erythroid cells whose promoter contains 2 functional Foxo3 binding sites (7) . Enhanced SOD2 reporter activity was detected during ex vivo maturation (29, 39) of erythroid progenitors at 48 hours ( Figure 5F ; P < 0.001). This activity was significantly reduced in cells transfected with the reporter containing mutant Foxo3 binding sites ( Figure 5F ). These combined findings suggest that Foxo3 becomes nuclear and transcriptionally active at a stage of intermediary maturation of erythroid precursor cells (CD71 + TER119 + ) and regulates expression of some important antioxidant enzymes in erythroid cells.
Foxo3 coordinates proliferation and differentiation of erythroid cells by a ROS-mediated mechanism. In further support of the physiological function of Foxo3 in erythropoiesis, we found that the rate of maturation of bone marrow Foxo3 -/-erythroid cells was significantly reduced (2-fold less relative mature Foxo3 -/-as compared with wildtype erythroid cells; Figure 6 , A and B) and was accompanied by an increase in the size of the CD71 + TER119 + erythroid precursor population. To investigate the mechanism of this reduction, we analyzed the cell cycle distribution of erythroid precursor cells that were at , then cultured as previously described in the presence of Epo (2 U/ml) (28, 39) , and luciferase activity was analyzed after 36 hours. EKLF reporter (pEKLF-Luc) (56) was used as a positive control. Data representative of normalized results from at least 4 independent experiments performed in triplicate are shown as mean ± SEM. **P < 0.01; † P < 0.002; # P < 0.0001. (F) Transcriptional activity of Foxo3 during maturation of fetal liver erythroid precursors. TER119 -fetal liver cells (enriched in progenitors) were transiently transfected with an empty luciferase reporter (pGL-3) or a SOD2 luciferase reporter containing 2 FoxO binding sites (pSod-Luc) or its mutant (pSOD-DBE12mut-Luc) and cultured as described above, and luciferase activity was determined at 24 and 48 hours. Results are shown as mean ± SEM; n = 4 for each group. throid precursor (CD71 + TER119 + ) cells. Such a contention would predict an increase in proliferation of Foxo3-deficient erythroid precursor cells, which could delay their maturation.
To our surprise however, loss of Foxo3 resulted in a significant fraction of Foxo3-deficient erythroid precursors, most of which were found in the G1 phase of the cell cycle, displaying mitotic arrest ( Figure 6 , A and C). The alteration in cycling of erythroblasts was not observed in other erythroid subpopulations. These highly unexpected findings indicate that functional Foxo3 is specifically required for normal regulation of the cell cycle during erythroid cell maturation. In addition, these results suggested that the decreased rate of maturation may not provide sufficient reticulocytosis in case of a massive hemolysis.
To elucidate the potential mechanism of alteration of the Foxo3-deficient cell cycle, the transcript levels of candidate molecules previously implicated in erythroid cell cycle and/or known to be transcriptional targets of Foxo3 were assessed. The expression of the CDK inhibitor p27 KIP1 and cyclin G2 (Ccng2) transcripts, both downstream targets of Foxo3 (9, 10, 40) , was significantly reduced in Foxo3 -/-erythroid subpopulations ( Figure 7A ), suggesting that the expression pattern of p27 KIP1 or cyclin G2 can not explain the alteration of cell cycle observed in Foxo3 -/-erythroid precursors and that these genes are likely to be transcriptional targets of Foxo3 in erythroid precursor cells.
Unexpectedly however, the expression of another CDK inhibitor, p21 CIP1/WAF1/Sdi1 (Cdkn1a), which, similar to p27 KIP1 , is an inhibitor of the transition from the G1 to the S phase of cell cycle and a known downstream target of Foxo3 (41), was significantly upregulated in Foxo3-deficient cells ( Figure 7A ). p21 CIP1/WAF1/Sdi1 expression is induced in response to oxidative stress (42) , either as part of a transcriptional program activated by p53 tumor suppressor in response to cellular stress (43) or induced independently of p53 (44) . Thus the status of p53 was investigated. In agreement with a state of oxidative stress in Foxo3-deficient (CD71 + TER119 + ) precursor cells, both p53 expression as measured by QRT-PCR ( Figure 7B , left panel) and activity as measured by a reporter gene assay ( Figure  7B , right panel) were notably enhanced in Foxo3-deficient cells. In further support of activation of p53 in erythroid precursor cells, transcription of antioxidant genes sestrin 2 (SESN2) (45) and the DNA repair gene growth arrest and DNA damage-inducible protein 45 (GADD45) (14) , which are known downstream targets of p53 activated in response to stress, was also upregulated ( Figure 7C ). These results further support that activation of p53 in Foxo3-deficient erythroid precursor cells (CD71 + TER119 + ) is in response to an oxidative stress condition. Consistent with this prediction, transcription of heme oxygenase 1 (HO-1), which is known to be associated with oxidative stress (46), and not its closely related molecule HO-2 was also upregulated ( Figure 7C ).
Together these findings strongly suggest that upregulation of p21 CIP1/WAF1/Sdi1 and the mitotic arrest observed in erythroid precursors is in response to a state of oxidative stress (47) . To assess this we tested the effect of ROS scavengers on p21 CIP1/WAF1/Sdi1 expression. As shown in Figure 8 , the level of p21 CIP1/WAF1/Sdi1 was significantly higher after 36 hours in a population of cultured Foxo3-deficient bone marrow cells as compared with a population of wild-type bone marrow cells that were highly enriched in progenitors and depleted of mature cells. Incubation with ROS scavenger NAC resulted in significant downregulation of p21 CIP1/WAF1/Sdi1 in Foxo3-deficient cells (Figure 8) .
Consistent with the results discussed above, the expression of several ROS-scavenging enzymes was significantly downregulated in Foxo3-deficient erythroid precursor cells (TER119 + ; Figure 9 ). Inhibition of expression of catalase and SOD2 in Foxo3-deficient erythroid precursor cells further supports a role for Foxo3 in the regulation of these enzymes in erythroid precursor cells. In addition, we found that expression of glutathione peroxidase, which has an important antioxidant function (26) , and the cytoplasmic SOD1 is strongly repressed in Foxo3-deficient erythroid precursor cells. Thus the state of oxidative stress in erythroid cells is likely due to downregulation of antioxidant enzymes in Foxo3-mutant erythroid precursor cells. Finally, to further elucidate the cause of death of Foxo3-deficient mice subjected to phenylhydrazine treatment, Foxo3 -/-and wild-type mice were treated with PBS or 100 mg/kg phenylhydrazine and sacrificed 24 hours later for analysis. In response to phenylhydrazine treatment, the numbers of Foxo3-deficient progenitors produced in the bone marrow and spleen were not significantly different from those of wild-type mice (data not shown). However, the relative frequency of Foxo3-deficient mature erythroid cells produced in response to the treatment was extremely low (less than 1%) and over one-third of that of wild-type bone marrow ( Figure 10A ). As anticipated at 24 hours, the main impact of the treatment (48) was on the bone marrow, although similar results were also observed in the Foxo3 -/-spleen and blood ( Figure 10A ). These data may suggest that spleen's environment is more protective against oxidative stress. In agreement with these results, ROS were substantially more concentrated in the Foxo3-deficient bone marrow erythroid cells (TER119 + ) as compared to wild type controls ( Figure 10B ). It is noteworthy that at the steady state, ROS concentration in Foxo3-deficient erythroid precursor cells (TER119 + ) in the bone marrow was as elevated as in wild-type mice treated with phenylhydrazine ( Figure 10B ; compare PBS-treated Foxo3 -/-with phenylhydrazine-treated wild-type cells in the bone marrow). These results suggest that at the steady state, Foxo3-deficient erythroid cells are chronically subjected to the same levels of ROS as the levels induced by phenylhydrazine in wild-type erythroid precursors ( Figure 10B) . A correlation between G1 arrest and ROS concentration was also observed in treated animals (data not shown). Together these results strongly suggest that the death induced by phenylhydrazine treatment in Foxo3-deficient mice is likely due to an excessive destruction of circulating erythrocytes coupled with a significant ROS-induced mitotic arrest (see Figures 6 and 8) , especially in the bone marrow, and a significantly decreased number of mature erythroid cells due to loss of Foxo3 that impedes a timely hematopoietic response. 
Discussion
The combined data presented here provide a model in which activation of Foxo3 in erythroid precursors is essential for their optimal cell cycle regulation and maturation, for red blood cell lifespan and for erythrocyte resistance to deleterious effects of oxygen radicals. Although anomalies of Foxo3-deficient erythropoiesis are compatible with life at the steady state, mice died rapidly when exposed to induced oxidative stress as a result of enhanced destruction of erythrocytes and lack of sufficient production of mature erythrocytes due to a blunted response. Our study also provides the first evidence for in vivo requirement for Foxo3 regulation of oxidative stress in mammals. In addition, these results demonstrate that the potential redundancy among FoxO proteins does not preclude the requirement for Foxo3 in antioxidative stress response and optimal erythropoiesis.
In addition to hemoglobin toxicity, erythroid cells are exposed to free iron during both mitochondrial insertion of ferrous iron into heme in precursors and release of iron from hemoglobin in mature cells, which results in deleterious damage catalyzed by iron through generation of hydroxyl radicals by means of Fenton reaction (23) . Defenses against ROS include enzymes such as SOD, which converts superoxide to hydrogen peroxide; catalase and glutathione peroxidase, which convert hydrogen peroxide to water; non enzymatic scavengers such as glutathione; and a family of peroxiredoxin antioxidant proteins (26) .
In agreement with ROS regulation of erythrocyte lifespan (27) , expression of several antioxidant enzymes, including glutathione peroxidase and SOD1, that were not previously known to be regulated by FoxO, was significantly reduced in Foxo3-deficient erythroid cells (Figure 9 ). It is noteworthy that we found conserved FoxO TTGTTTAC binding sites (49) in both mouse and human glutathione peroxidase promoter sequences, suggesting that Foxo3 may also directly regulate transcription of glutathione peroxidase. In addition, genetic deletion of SOD2 has been directly implicated in a ROS-mediated shortened erythrocyte lifespan (24) , suggesting that the phenotype observed in Foxo3-deficient mice may be a result of the relative defect in SOD2 transcription in erythroid precursors.
Foxo3-deficient erythroid precursor cells exhibit an unanticipated mitotic arrest that is in contrast to the function of Foxo3 as an inhibitor of cell cycle. Although the sequence of events leading to the growth arrest in these cells is not known, several features of Foxo3 -/-cell cycle defect are notable. First, the inhibition of G1/S transition of cell cycle was only seen in a population of highly cycling erythroid precursors (CD71 + TER119 + ) that is known to be activated in response to stress (50, 51) ( Figure 6C ) and that accumulates hemoglobin while losing response to Epo due to a gradual loss of EpoR expression (37, 38) . Second, the inhibition of G1/S transition was characterized by a stress response condition manifested by a ROS-mediated upregulation of CDK inhibitor p21 CIP1/WAF1/Sdi1 (Figure 8 ) and several antioxidant response genes (45) , targets of p53 tumor suppressor ( Figure 7C ). Third, p53 was activated in erythroid precursor (CD71 + TER119 + ) cells (Figure 7 ). While upregulation of p21 CIP1/WAF1/Sdi1 is implicated in normal maturation of erythroid precursors (52), a premature upregulation of p21 CIP1/WAF1/Sdi1 during stress-induced expansion of Foxo3-deficient erythroid precursors would lead to a premature cell cycle exit resulting in a significant decrease of the number of mature cells. Although we did not detect any apoptosis in freshly isolated Foxo3-deficient mature erythroid cells, we can not rule out additional loss through apoptosis, specifically since Foxo3-null bone marrow cells are highly prone to apoptotic death once in culture (D. Marinkovic and S. Ghaffari, unpublished observations). Together these results strongly suggest that hindrance in maturation and response to induced oxidative stress in Foxo3-deficient erythroid precursors is a major contributor to death of animals when exposed to acute exacerbated oxidative stress.
Inhibition of FOXO3a is important for Epo-mediated survival of cultured erythroid cells (18, 19, 53) . As Foxo3 is mostly cytoplasmic and presumably inhibited in erythroid progenitors ( Figure 5 , A-D), its function may be limited to inducing apoptosis in dividing progenitor cells subjected to cytokine deprivation, in agreement with the context-dependent function of FoxO (6) . Although the mechanism of nuclear translocation and activation of Foxo3 in erythroid precursors (CD71 + TER119 + ) is unknown, it is plausible that downregulation of EpoR (i.e., inhibition of EpoR signaling) coupled with the accumulation of hemoglobin (i.e., enhanced ROS build-up) in these cells provides a signal for normal nuclear translocation and activation of Foxo3 to prevent further ROS accumulation and cellular damage (Figure 11 ).
Like p53, ataxia telangiectasia mutated (ATM) gene product is often activated as part of an antioxidant response (54) . Given that the function of ATM in erythropoiesis is not known, we were surprised to find a significant and specific downregulation of ATM in Foxo3-deficient cells (see the relative expression
Figure 8
ROS-induced upregulation of p21 CIP1/WAF1/Sdi1 . TER119 -bone marrow cells were cultured with or without 100 μM NAC, and the expression of p21 CIP1/WAF1/Sdi1 was measured by QRT-PCR after 36 hours. *P < 0.05 Student's t test.
Figure 9
Foxo3 is required for expression of antioxidant enzymes. QRT-PCR analysis of antioxidant enzymes in bone marrow erythroblasts (TER119 + ) cells. GPX1, glutathione peroxidase 1. n = 3; *P < 0.05, **P < 0.02, Student's t test.
of ATM in the bone marrow as compared to in erythroid cells; Supplemental Figure 1F ). Given the known association of ATM deletion with enhanced ROS concentration (2), these observations suggest that downregulation of ATM may participate in the molecular pathway regulating antioxidant signaling downstream of Foxo3 in erythroid cells.
Triple deletion of FoxO was recently shown to result in hematopoietic stem cell defect associated with high oxidative stress (55) . Our results expand these findings and attribute an essential role to Foxo3 in the regulation of oxidative stress in erythroid cells. Given that expression of Foxo4 and Foxo1 transcripts is barely detectable in wild-type or Foxo3-deficient bone marrow erythroblasts (note the absence of upregulation of Foxo1 or Foxo4 transcripts in Foxo3-deficient TER119 + erythroblasts; Supplemental Figure 1D ) and given that Foxo1 and Foxo4 proteins were undetectable in bone marrow erythroid precursor cells (TER119 + erythroblasts; Supplemental Figure 1G ), Foxo1 and Foxo4 do not appear to be relevant to the Foxo3-deficient erythroid phenotype. Although we can not rule out the expression of functional Foxo1 and/or Foxo4 in erythroid cells, our data strongly suggest that it is unlikely these FoxO play a significant role in erythroid cell maturation (Figure 4 , A and B, and Supplemental Figure 1, C, D, and G) .
In addition to the erythroid phenotype described here, Foxo3-deficient mice exhibit a global ovarian follicular activation leading to oocyte death and early depletion as well as a lymphoproliferation associated with activation of NF-κB (15) (16) (17) . It is plausible that these phenotypes are also induced by enhanced oxidative stress. In particular, given the absence of evidence for direct regulation of elements of NF-κB pathway by Foxo3 (17) , it is conceivable that activation of NF-κB in Foxo3-deficient T cells results from enhanced oxidative stress.
Finally, it is noteworthy that results presented here were obtained from young adult mice (8-12 weeks old). Given the correlation of oxygen radicals with aging (1), it is likely that this phenotype will be exacerbated in older Foxo3 -/-mice.
The combined results presented here demonstrate that Foxo3 is a critical physiological regulator of oxidative stress in mammalian cells. These findings establish essential functions for Foxo3 in the regulation of cell cycle, maturation, lifespan, and resistance to oxidative stress during erythropoiesis. Whether activity of Foxo3 can be exploited to increase erythrocyte lifespan and maturation is of major interest.
Figure 10
Defective post-progenitor erythroblast response to phenylhydrazine in Foxo3 -/-mice. WT and Foxo3-deficient mice were treated with phenylhydrazine (100 mg/kg) or PBS and sacrificed 24 hours later. (A) Flow cytometry analysis of relative frequency of mature erythroblasts in the bone marrow, spleen, and blood, calculated by the ratio of mature erythroblasts (CD71 -TER119 + ) to total erythroblasts (CD71 + TER119 + and CD71 -TER119 + ). n = 3 in each group; *P < 0.05, Student's t test. (B) Measurement of ROS concentration in erythroblasts (TER119 + cells). # P < 0.01; **P < 0.001.
Figure 11
Model of the regulation of Foxo3 subcellular localization in erythropoiesis. Inhibition of EpoR signaling, which includes inhibition of the PI3-kinase/AKT pathway, as a result of downregulation of EpoR on erythroblasts, coupled with accumulation of hemoglobin, may result in ROS signaling, leading to Foxo3 nuclear localization and activation.
